Accurate serum cortisol quantification is required for the correct diagnosis and management of adrenal pathologies. Presently, most laboratories use immunoassay to measure serum cortisol with proficiency schemes demonstrating a wide dispersion of results. Here, we investigate the effects of sex, matrix, and antibody specificity on serum cortisol quantification in 6 routine assays.
Serum cortisol measurement is recommended for the investigation of adrenal insufficiency (1 ) and Cushing syndrome (2 ) . Interpretation of these investigations typically relies on historic, single-value diagnostic cutoffs with minimal consideration of assay-specific biases (3 ) . In addition, cortisol quantification aids the assessment of adrenal reserve following chronic exogenous glucocorticoid therapy (4, 5 ) . In the management of Cushing syndrome, cortisol concentrations are used to help guide the appropriate dosing of metyrapone, a potent 11␤-hydroxylase inhibitor (6 ) . Thus, assay-dependent biases and/or nonspecific interferences can produce inaccurate results that are difficult to interpret. Therefore, accurate serum cortisol measurement is essential for the correct diagnosis and management of adrenal pathologies.
External quality assessment (EQA) 8 schemes allow laboratories to assess their method performance relative to that of other users. Currently, the majority of laboratories use automated commercial immunoassays for cortisol quantification. Although variation for individual methods generally remains within narrow limits, the variation across all methods is considerably wider. This frequently produces a wide dispersion of results with a sexspecific bimodal distribution (see the Data File 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol62/ issue9). Although sample heterogeneity and noncommutability may contribute to this dispersion, adherence to consensus guidelines allows EQA providers to minimize these effects (7 ) .
The frequency and consistency of this variability have prompted investigation into its underlying cause.
Comparisons of cortisol results to a GC-MS reference measurement procedure (RMP) have previously demonstrated that commercial immunoassays are prone to both sex-specific biases and matrix effects in select patient populations (8 ) . Furthermore, mean cortisol concentrations at baseline and 30 min post-synacthen were found to be assay specific and exhibit a consistently negative bias in women taking the oral contraceptive pill (OCP) (9 ) . Immunoassay cortisol measurements in patients taking metyrapone have also been reported to display a positive bias relative to a routine LC-MS/MS assay (10, 11 ) .
The performance and standardization of hormone assays are coming under increasing scrutiny. The Endocrine Society has now established minimum performance criteria for steroid assays, which recognize that metrological traceability is not currently available for all assays, yet remains an important goal (12) (13) (14) . The Partnership for Accurate Testing of Hormones has been established to address this issue in select assays (15 ). However, despite its clinical importance, the poor performance of routine cortisol assays has yet to be considered.
The objectives of this study were to provide an upto-date assessment of the performance of routine cortisol methods relative to an LC-MS/MS candidate RMP (cRMP) through investigating sex-and matrix-associated biases and investigating antibody specificity in patients prescribed prednisolone and metyrapone.
Methods

SAMPLE COLLECTION AND PREPARATION
Samples were collected into plastic 5-mL serum gel tubes (Becton Dickinson) at the University Hospital South Manchester (UHSM). Following routine analysis, samples were stored at 4°C and retrieved within 24 h. Samples were subsequently anonymized, aliquoted into plastic 1.5 mL cryogenic tubes (Clinicon) and frozen at Ϫ20°C before inhouse analysis or distribution to a collaborating laboratory. The following cohorts were created: (a) males, (b) nonpregnant females, (c) pregnant females, (d) patients prescribed metyrapone and (e) patients prescribed prednisolone.
PATIENT COHORTS
Control cohorts consisted of 51 males and 45 nonpregnant females. Before anonymization, each sample was checked against patient records. Patients prescribed exogenous glucocorticoids, hormone replacement therapy or any formulation of the OCP were excluded. The mean (range) age of the male cohort was 54 years (range, 35-81 years) and the nonpregnant female cohort was 60 years (27-85 years). Further subdivision of the nonpregnant female cohort yielded 17 presumed premenopausal patients (Ͻ40 years of age) and 21 presumed postmenopausal patients (Ͼ60 years of age). In addition, samples received for females 10 -20 weeks pregnant (n ϭ 72), routine prednisolone analysis (n ϭ 42), and LC-MS/MS cortisol analysis on patients taking metyrapone (n ϭ 27) were processed as detailed above. All information was obtained in accordance with UHSM Trust policies.
ASSAYS
Cortisol was quantified in all samples using an LC-MS/MS cRMP (16 ) . Briefly, all samples were analyzed in triplicate over 3 days with the mean result from each day's analysis averaged to provide the final result. Interassay %CVs for this method were 1.3%, 1.2%, and 1.1% at concentrations of 132, 520, and 772 nmol/L respectively. The 5 automated commercial cortisol immunoassays were: (a) Abbott Architect, (b) Beckman Access, (c) Roche E170 Generation I, (d) Roche E170 Generation II and (e) Siemens Centaur XP. All samples were also measured using a routine LC-MS/MS assay (17 ) . An overview of the methodologies and performance characteristics for each assay is provided in online Supplemental Data File 2. Interassay imprecision for all routine assays ranged from 1.6% to 7.5% over cortisol concentrations of 84 to 990 nmol/L; a complete summary of assayspecific imprecision is available in online Supplemental Data File 3.
Prednisolone was measured in the prednisolone cohort using a published LC-MS/MS method (18 ) . Samples with a prednisolone concentration Ͻ30 g/L were discarded. Cortisol-binding globulin (CBG) was measured in the nonpregnant and pregnant female cohorts using a commercial ELISA in accordance with the manufacturer's instructions (Biovendor).
DATA ANALYSIS
Analyze-It version 2.30 was used for data analysis. For each assay, performance relative to the cRMP was assessed through Passing-Bablok regression analysis, BlandAltman bias plots and Pearson correlation coefficients. Deviance of the cRMP results in each cohort from gaussian distribution was established by the Shapiro-Wilk test where a P value Ͻ0.05 was deemed significant. When the results for the cRMP and comparator assays followed a gaussian distribution, they were compared using a dependent samples t-test. When the cRMP and/or the comparator assay results significantly deviated from gaussian, the nonparametric Wilcoxon test was used. Samples with cortisol concentrations below an assay's limit of quantification were excluded from analysis for that respective cohort.
Results
The cohort-specific performance characteristics for the comparator assays relative to the cRMP are described below. (To convert nmol/L to g/dL, divide the cortisol concentration by 27.5.)
MALES
Analysis of this cohort by the cRMP generated normally distributed results ranging from 24.8 to 399.8 nmol/L. Routine assay performance relative to the cRMP is presented as Bland-Altman bias plots in Fig. 1 and summarized in online Supplemental Data File 4, Table 1 .
Comparison of the mean bias across these assays produced 2 distinct groups. The routine LC-MS/MS, Abbott Architect, Beckman Access, and second generation Roche E170 all generated a mean bias between Ϫ1.5% and Ϫ1.2%. In each case, 95% CIs encompassing 0% supported the absence of bias. In contrast, the first generation Roche E170 and Siemens Centaur XP displayed a positive bias relative to the target concentrations. With an overall mean bias of 17.0%, yet a proportional bias of 24.0%, it is apparent from Fig. 1D that bias increases with concentration for the first generation Roche E170 assay. This relationship likely contributes to the negative constant bias of Ϫ19.45 nmol/L. Conversely, in the case of the Siemens Centaur XP, the overall mean bias of 18.5% is the cumulative effect of a 13.0% proportional and a 15.59-nmol/L constant bias. Accordingly, results produced by these assays were significantly different from those of the cRMP (P Ͻ 0.0001).
NONPREGNANT FEMALES
Analysis of this cohort by the cRMP yielded normally distributed results ranging from 56.5 to 602.7 nmol/L. Routine assay performance relative to the cRMP is presented as Bland-Altman bias plots in Fig. 2 and summarized in online Supplemental Data File 4, Table 2 .
Again, comparison of the mean bias produced 2 separate groups. The routine LC-MS/MS, Abbott Architect, Beckman Access, and second generation Roche E170 all generated results with a mean bias ranging from Ϫ4.9% Dashed lines represent the 5% (95% CI) measurement uncertainty of the cRMP.
to Ϫ0.4%. However, of these, only the routine LC-MS/MS assay possessed 95% CIs encompassing 0%. The 95% CIs of the other assays all fell below 0% indicating a slight negative bias. This likely contributed to the significant differences observed between results of these assays and the cRMP (P Ͻ 0.01). Conversely, the routine LC-MS/MS assay results were not found to differ significantly from those of the cRMP (P ϭ 0.9284). The first generation Roche E170 and Siemens Centaur XP displayed respective mean biases of 11.8 and 14.6%. Like the male cohort, both assays generated 95% CIs that were above 0% identifying a positive bias. This is further supported as each assay produced results significantly different from those of the cRMP (P Ͻ 0.01).
PREGNANCY
As determined by the cRMP, this cohort generated normally distributed results ranging from 129.0 to 1067.2 nmol/L. Routine assay performance relative to the cRMP is displayed as Bland-Altman bias plots in Fig. 3 and summarized in online Supplemental Data File 4, Table 3 . Of the assays investigated, the routine LC-MS/MS results were found to be closest to those of the cRMP (P ϭ 0.0653). Although all immunoassay results were statistically significantly different from the target concentrations (P Ͻ 0.0001), the performance characteristics of the second generation Roche compared well to the cRMP. Despite a slight negative mean bias of Ϫ2.6%, Passing-Bablok regression analysis produced a slope and intercept with 95% CIs encompassing the cRMP target parameters. Conversely, with respective mean biases of Ϫ5.5%, Ϫ23.3%, and Ϫ25.0% equating to Ϫ36.7, Ϫ143.6, and Ϫ156.6 nmol/L, the Siemens Centaur XP, Beckman Access, and Abbott Architect displayed markedly negative bias relative to the cRMP. The performance of these assays in the pregnant female cohort was dis- Dashed lines represent the 5% (95% CI) measurement uncertainty of the cRMP.
Serum Cortisol: A Multiassay Performance Assessment tinctly different from that observed in the nonpregnant female cohort, as is visually apparent when Fig. 2 , B, C, and F, are compared to their corresponding panels in Fig.  3 . With a mean bias of 10.2%, the first generation Roche E170 performed similarly both in the pregnant female and nonpregnant female cohorts. Despite this, the Passing-Bablok characteristics were markedly different since the 95% CIs for the 2 slopes shared no overlap, and the intercept shifted from negative in the nonpregnant cohort to positive in the pregnant cohort.
METYRAPONE
Analysis of this cohort by the cRMP yielded nongaussian results ranging from 91.3 to 535.3 nmol/L. Routine assay performance relative to the cRMP is presented as BlandAltman bias plots in Fig. 4 and summarized in online Supplemental Data File 4, Table 4 . Of the immunoassays, mean bias ranged from 16.4% to 95.0% with Passing-Bablok regression parameters ranging from 0.72 to 1.37 (slope) and 34.02 to 127.82 nmol/L (intercept). Collectively, these performance characteristics resulted in an overall positive bias in each immunoassay that is clearly evident in Fig. 4 , B-F. Wilcoxon analysis confirmed the immunoassay results were highly statistically significantly different from those of the cRMP (P Ͻ 0.0001). In contrast, the differences between the routine LC-MS/MS and cRMP results were not as marked (P ϭ 0.0152).
Within the cohort, 3 samples were evidently outliers as, with target concentrations Ͼ350 nmol/L, they were separated from the majority of results (Fig. 4) . In the treatment of Cushing syndrome, target cortisol concentrations for patients prescribed metyrapone should fall between 150 and 300 nmol/L (6 ). Results higher than this could therefore represent either patients that have only recently commenced therapy, poor compliance or severe disease such as adrenocortical carcinoma. Table 5 . Whereas the sample distribution was found to be nongaussian for the cRMP and several routine assays, the results of the Abbott Architect and first generation Roche E170 were not found to significantly differ from a normal distribution. In all cases, the nonparametric Wilcoxon test was used for statistical analysis. Of the assays investigated, all produced results that were statistically significantly different from those of the cRMP (P Ͻ 0.0001).
Despite this, the routine LC-MS/MS assay exhibited superior performance compared to the immunoassays. Although the mean bias for LC-MS/MS was 15.5% this equated to only 3.1 nmol/L and all Passing-Bablok regression parameters produced 95% CIs that included their respective targets. Furthermore, only 24/42 samples were quantifiable by the LC-MS/MS assay; the remaining samples were correctly identified as having a cortisol concentration below the limit of quantification of the assay.
In contrast, the immunoassays exhibited mean biases ranging from 690.9% to 8169.4%, corresponding to 56.0 to 658.6 nmol/L. In addition, Passing-Bablok slope characteristics were positive relative to the line of identity for each assay except the Siemens Centaur XP, which failed the CUSUM linearity test (P Ͻ 0.01) thereby, invalidating regression analysis. Although linearity was detected between the first generation Roche E170 and Dashed lines represent the 5% (95% CI) measurement uncertainty of the cRMP.
Serum Cortisol: A Multiassay Performance Assessment cRMP, the software was unable to provide 95% CIs for the slope and intercept.
CORTISOL-BINDING GLOBULIN
The mean (95% CIs) CBG concentrations for the nonpregnant female and pregnant female cohorts were 27.23 mg/L (26.02-28.45) and 52.02 mg/L (47.78 -56.26), respectively. These data are plotted against cortisol concentrations for each cohort in Fig. 6 . An independent t-test determined these CBG distributions to be statistically different (P Ͻ 0.0001). Subdivision of the nonpregnant female cohort into their presumed pre-and postmenopausal cohorts provided mean (95% CIs) CBG concentrations of 29.37 (27.65-31.09) and 25.92 mg/L (23.64 -27.08), respectively. An independent t-test demonstrated weak but statistically significant differences between these subgroups (P ϭ 0.0029). 
Discussion
Underpinning this study with a cRMP has ensured that each method was compared to a higher-order measurement procedure. This certifies metrological traceability to SI units thereby, providing a platform for meaningful statistical analysis. In contrast to EQA schemes and previous studies (8 ) , this study benefits from using single donor samples for comparison. Although pooling samples can provide sufficient volume for large-scale studies, it can also alter the sample matrix and potentially bias results. Our approach instead provides a true representation of the performance of each assay for individual samples. In addition, to the best of our knowledge, this is the first study to use a cRMP to comprehensively assess the performance of routine assays for the measurement of cortisol in serum obtained from patients taking either metyrapone or prednisolone. In all cases, variation due to noncommutability and heterogeneity has been minimized through consistent sample preparation and storage before analysis. Hence, assay-specific causes are likely to be the largest contributing factors to any variation observed. Although limited by an absence of particularly high cortisol concentrations in the male and nonpregnant female cohorts, this study is representative of these populations, with high concentrations difficult to obtain without sample adulteration.
Our investigation into sex-specific bias has found that considerable interassay variation exists across the routine commercial immunoassays relative to the cRMP. In addition, intraassay performance is variable across the male and nonpregnant female cohorts. Although the Beckman Access and second generation Roche E170 exhibited good agreement with the cRMP in the male cohort, all immunoassays demonstrated significant differences with the cRMP in the nonpregnant female cohort. In both cohorts, the Abbott Architect, first generation Roche E170 and Siemens Centaur XP displayed significant differences with the cRMP. Whereas the Abbott Architect consistently underestimated cortisol, the first generation Roche E170 and Siemens Centaur XP consistently overestimated it.
We also observed that pregnancy had a striking effect across the Abbott Architect, Beckman Access, first generation Roche and Siemens Centaur XP assays. Considerable underestimation was demonstrated in these assays when compared both directly to the cRMP and relatively to their respective performance characteristics in the nonpregnant female cohort. This underestimation was exacerbated with increasing cortisol concentrations, a relationship that was seemingly related to increased CBG concentrations.
Previous work has speculated that cortisol underrecovery may be attributed to increased CBG concentrations secondary to pregnancy (8 ) or OCP medication (9 ) . These conditions are associated with a high estrogenic state that serves to stimulate CBG synthesis. We have confirmed that CBG concentrations in the pregnant cohort are significantly greater than that of the nonpregnant female cohort. This supports the hypothesis that the underrecovery observed in patients with increased CBG concentrations is secondary to the inability of the assay to completely liberate cortisol from its binding proteins. Furthermore, we have observed that the performance characteristics for each immunoassay differ across male and nonpregnant female cohorts. Subdivision of the nonpregnant female cohort into presumed pre-and postmenopausal groups demonstrated that CBG concentrations were modestly different between these 2 groups. This infers that CBG concentrations decline postmenopause, possibly secondary to the attenuated estrogenic stimulus. We speculate that the effect of CBG may be pronounced when there are only small differences in concentration. This may explain the observed difference in performance between the male and nonpregnant female cohorts and the bimodal distribution observed across female samples in EQA schemes. Further work to substantiate the relationship between CBG concentration and cortisol quantification in larger sample sizes is indicated. It is possible that each assay has a specific CBG concentration above which cortisol quantification becomes increasingly challenging.
Accurate cortisol measurement relies on the complete recovery of cortisol from its protein-bound fractions. In general, information on how this is achieved by commercial immunoassays remains proprietary. Hence, without knowledge of the specific approach, it is difficult to speculate on individual assays. Nevertheless, it has been reported that manufacturers may displace cortisol from CBG by adjusting temperature, lowering pH or alternatively using agents such as salicylate or 8-anilino-1-napthalene sulfonic acid (ANS) (19 ) . However, the efficiency of ANS is influenced by the concentration of binding proteins. Hence, the concentration of ANS required for healthy male and nonpregnant female samples may be inadequate for samples with increased CBG (19 ) . Therefore, it is conceivable that immunoassays may rely on agents such as ANS that, when present in insufficient quantities, fail to completely free cortisol from CBG. As CBG is significantly higher in estrogenic states, further work is required to assess the effects of other medications and conditions associated with increased estrogen concentrations.
Whereas underrecovery is attributed to matrix effects such as increased CBG concentrations, we hypothesize that the over-recovery in the first generation Roche E170 and Siemens Centaur XP is secondary to nonspecific cross-reactivity. We have investigated selectivity through experiments with serum obtained from patients prescribed metyrapone and prednisolone.
Metyrapone reversibly inhibits 11-␤ hydroxylase, preventing oxidation of 11-deoxycortisol to cortisol. This attenuates negative feedback on the hypothalamic-pituitaryadrenal axis, resulting in the accumulation of cortisol precursors (6 ) . These precursors share structural homology with cortisol, necessitating that immunoassays require highly specific antibodies to ensure selectivity. Our results indicate all 5 immunoassays over recover cortisol relative to the cRMP in the metyrapone cohort. Of these, the first generation Roche E170 and Siemens Centaur XP were particularly prone to over-estimation, likely secondary to antibody cross-reactivity with cortisol precursors (10, 11 ) . Our observations support recent Endocrine Society guidelines that advise serum cortisol is measured by LC-MS/MS in patients prescribed metyrapone (6 ) .
Prednisolone and prednisone are the most commonly prescribed exogenous glucocorticoids (20 ) . For patients not on lifelong treatment, their adrenal reserve should be ascertained before altering dosing regimens (4 ) . This provides a requirement for assays to differentiate cortisol from exogenous glucocorticoids and their metabolites, to guarantee the integrity of the short synacthen test.
Our results showed that all 5 immunoassays overestimate cortisol in the prednisolone cohort. This is likely because reagent antibodies fail to differentiate cortisol from prednisolone and its metabolites. While our data suggest that the first generation Roche E170 and Siemens Centaur XP are markedly affected by cross-reactivity, the Abbott Architect, Beckman Access and second generation Roche E170 are also subject to considerable overrecovery.
Importantly, our observations have potential implications for patient care. Cortisol under or overrecovery can affect the interpretation of both the short synacthen test and the overnight dexamethasone suppression test such that patients may not be provided with the correct diagnosis or appropriate follow-up. Similarly, for patients prescribed metyrapone, immunoassay quantification may lead to an inappropriate dosing regimen and may ultimately mask adrenal insufficiency.
This study was conducted during the release of the second generation Roche E170 assay. Given our results, it is plausible that this assay benefits from a more specific antibody than its predecessor. Certainly, the overrecovery exhibited in the male, nonpregnant and pregnant female cohorts has improved, with better alignment to the cRMP. Furthermore, the overrecovery in the metyrapone and prednisolone cohorts, although still undesirable, is now considerably reduced. The use of a more specific antibody is further substantiated by the improved percentage cross-reactivities relative to the first generation assay (see online Supplemental Data File 2).
In all cohorts, the routine LC-MS/MS assay and cRMP aligned well. When the 5% measurement uncertainty of the cRMP is applied, nearly all routine LC-MS/MS results fell within this and could therefore be considered statistically unbiased.
Not all laboratories possess the resources and expertise for LC-MS/MS measurements. Hence, there remains a requirement for routine assays to provide metrologically traceable results. From the evidence presented here, it is apparent that this requirement is not currently satisfied. Indeed, many of the assays investigated failed to achieve a bias Ͻ10.3%, the current desirable limit as specified by Westgard (21 ) . Although calibrators may be traceable to certified reference materials, this does not necessarily translate to patient samples. Consequently, results are not comparable across assay, location or time.
In summary, routine serum cortisol immunoassay performance remains highly variable. Although there is increasing awareness of the impact of assay-specific biases on result interpretation, it is unrealistic to expect that all users are familiar with the limitations of their assay. The case for sex-and assay-specific cutoffs has been made (9 ) . Although these may be helpful in the short-term, reagent lot changes, recalibration and assay reformulation may increase result uncertainty and thus not represent a longterm solution.
The recent drive towards standardization is welcome (15 ) and we reason that given the limitations evidenced here, serum cortisol assays should be considered for inclusion in this initiative.
